Abstract Heat shock protein 27 (HSP27) shows attenuated expression in human coronary arteries as the extent of atherosclerosis progresses. In mice, overexpression of HSP27 reduces atherogenesis, yet the precise mechanism (s) are incompletely understood. Inflammation plays a central role in atherogenesis, and of particular interest is the balance of pro-and anti-inflammatory factors produced by macrophages. As nuclear factor-kappa B (NF-κB) is a key immune signaling modulator in atherogenesis, and macrophages are known to secrete HSP27, we sought to determine if recombinant HSP27 (rHSP27) alters NF-κB signaling in macrophages. Treatment of THP-1 macrophages with rHSP27 resulted in the degradation of an inhibitor of NF-κB, IκBα, nuclear translocation of the NF-κB p65 subunit, and increased NF-κB transcriptional activity. Treatment of THP-1 macrophages with rHSP27 yielded increased expression of a variety of genes, including the pro-inflammatory factors, IL-1β, and TNF-α. However, rHSP27 also increased the expression of the anti-inflammatory factors IL-10 and GM-CSF both at the mRNA and protein levels. Our study suggests that in macrophages, activation of NF-κB signaling by rHSP27 is associated with upregulated expression and secretion of key pro-and anti-inflammatory cytokines. Moreover, we surmise that it is the balance in expression of these mediators and antagonists of inflammation, and hence atherogenesis, that yields a favorable net effect of HSP27 on the vessel wall.
Introduction
Macrophages are present in the atherosclerotic plaque at various stages of development and play a major role in the onset and progression of atherosclerotic lesion development, in part through participation in both the initiation and resolution of inflammation (Ley et al. 2011 ). In the atherosclerotic plaque, nuclear factor-kappa B (NF-κB) is a key transcription factor that mediates important macrophage functions including survival, apoptosis, proliferation, and inflammation (Gordon et al. 2011; Lawrence and Fong 2010) . In the classical NF-κB pathway, the inactive heterodimers, p50/p65, are present in the cytoplasm and under basal conditions are bound to inhibitors of NF-κB (IκB). In response to inflammatory stimuli, a cascade of phosphorylation events increases the activity of the IκB kinase (IKK) complex that acts to phosphorylate IκBα, leading to its degradation by the proteasome, and consequently, dissociation from the NF-κB dimers. Release of IκBα from p50/p65 promotes translocation of these subunits to the nucleus where they interact with specific promoter regions to modulate transcription of target genes (Oeckinghaus and Ghosh 2009 ).
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NF-κB has been associated with pro-inflammatory responses in atherosclerosis (Monaco et al. 2004; Zhang et al. 2009 ); however, emerging in vivo data suggests that NF-κB also regulates anti-inflammatory processes in the atherosclerotic plaque (Xanthoulea et al. 2005) . For example, in a study of atherosclerosis-prone low-density lipoprotein receptor knock-out (LDLR −/− ) mice with a macrophagerestricted deletion of IKK2, the mice developed more severe atherosclerosis and had markedly decreased levels of the anti-inflammatory cytokine, IL-10 ( Kanters et al. 2003 ).
In addition, macrophages deficient in the NF-κB p50 subunit have a prolonged production of the inflammatory cytokine, tumor necrosis factor (TNF)-α, in response to lipopolysaccharide (LPS). Conversely, atherosclerosis-prone LDLR −/− mice with a hematopoeitc deficiency for the p50 subunit have smaller lesions (41 %) in the aortic root compared to LDLR −/− control mice; however, the lesions are more inflammatory, as characterized by an increase in leukocyte infiltration (Kanters et al. 2004 ).
In humans, there is evidence that a genetic deletion in the promoter of the NFKB1 gene results in decreased levels of the p50 subunit and is associated with a higher risk for coronary heart disease (Karban et al. 2004; Park et al. 2007; Vogel et al. 2011) . These studies suggest that there are protective roles for NF-κB signaling in atherosclerosis and exemplifies the importance of macrophages in balancing pro-and anti-inflammatory signals in the developing lesion. Therefore, understanding the factors that promote the dominance of the anti-inflammatory versus inflammatory effects of NF-κB signaling in macrophages may be instrumental for the development of novel therapeutics for the prevention and/or treatment of atherosclerosis.
Heat shock protein 27 (HSP27), is a highly conserved, 27-kDa stress protein. Although the chaperone activity and function of HSP27 is well documented, emerging evidence suggests that HSP27 has multiple other (pleiotropic) functions. For example, HSP27 is an anti-apoptotic factor that interacts with cytochrome c and interferes with caspase activation complexes (Arrigo 2007; Bruey et al. 2000) . Moreover, HSP27 acts as a stabilizer of actin and microtubules of the cytoskeleton (Benjamin and McMillan 1998; Pockley 2002) . Recently, we unraveled a novel function of HSP27 by demonstrating that HSP27 is an estrogen receptor beta (ERβ)-associated protein that regulates estrogen signaling (AlMadhoun et al. 2007; Miller et al. 2005) . Treatment of macrophages with a selective ERβ agonist, 8β-VE2, increases the secretion of HSP27 and treatment of ovariectomized ApoE −/− mice with 8β-VE2 results in smaller atherosclerotic lesions in the aortic arch (Sun et al. 2011 ).
In addition, global overexpression of HSP27 in ApoE −/− mice fed a high fat diet for 4 weeks results in reduced atherosclerotic lesion area-a protective effect associated with elevated levels of HSP27 in the serum (Rayner et al. 2008) .
In previous studies that have explored how extracellular HSP27 regulates macrophages, our lab as well as others have demonstrated that exogenous HSP27 lowers the levels of the inflammatory cytokine interleukin-1β (IL-1β) in macrophages exposed to acetylated low-density lipoprotein, augments extracellular levels of the antiinflammatory cytokine interleukin-10 (IL-10), as well as attenuates macrophage adhesion and migration (De et al. 2000; Miller-Graziano et al. 2008; Rayner et al. 2008) . However, despite the substantial evidence that extracelluar HSP27 can act as an anti-inflammatory, the role of extracellular HSP27 in the regulation of NF-κB signaling is unclear. Several studies have examined the affect of intracellular HSP27 on NF-κB; however, these indeterminate results are mainly in cell types that have not been demonstrated to secrete HSP27, such as smooth muscle cells (Parcellier et al. 2003; Voegeli et al. 2008) . Therefore, in the current study, we sought to examine whether extracellular HSP27 could modulate NF-κB signaling in macrophages. As will be described, we demonstrate that treatment of human macrophages with recombinant (r)HSP27 induces the degradation of IκBα, the nuclear translocation of the NF-κB p65 subunit, and activates downstream NF-κB transcriptional activity. In addition, we explored the transcriptional profile of macrophages treated with rHSP27 using NF-κB-pathway-specific qRT-PCR arrays. Among the regulated genes, are both pro-inflammatory and anti-inflammatory cytokines. Hence, we surmise that in order to exert its anti-atherosclerotic effects, HSP27 produces a favorable effect on the balance of these pro-and anti-inflammatory factors at the level of the vessel wall macrophage.
Materials and methods
Recombinant (r)HSP27 and rC1 production Compliment (c)DNA encoding His-tagged full length HSP27 and an N-terminal truncated mutant, C1, was constructed into a pET-21a vector, and the plasmids were transformed into Rosetta™(DE3)-competent Escherichia coli (Novagen). rHSP27 and rC1 protein was purified with Ni-NTA resin (Qiagen, Valencia, CA) and refolded by dialysis. After removal of endotoxin using Detoxi-gel columns (Fisher Scientific, Pittsburgh, PA), the purity of final rHSP27 and rC1 protein was more than 95 % by SDS-PAGE and the endotoxin concentration was <5 EU/mg protein (LAL assay).
Chaperone activity assay
The dithiothreitol (DTT)-induced aggregation of insulin was performed in the absence or presence of rHSP27 in phosphate buffer solution (PBS; pH 7.4), to measure the chaperone activity of previously purified and refolded rHSP27. Insulin (40 μM) and different concentrations of rHSP27 (Insulin to rHSP27 ratios of 10:1, 100:1, and no rHSP27) in PBS were incubated for 10 min at 43°C. Aggregation was monitored by measuring the absorbance at 320 nm in a Synergy Mx Monochromator-based microplate reader (BioTek, Winooski, VT) for 30 min at 43°C after adding DTT to a final concentration of 20 mM.
Cell culture
The THP-1 human monocytic cell line (ATCC) was maintained and subcultured in RPMI-1640 growth media supplemented with 10 % FBS, penicillin, streptomycin, and sodium pyruvate (Invitrogen-Gibco). The cells were maintained in 100-mm tissue culture plates at a density of 0.2×10 6 -1×10 6 cells/mL. For experiments, cells were plated at a density of 1×10 6 cells/ mL and differentiated to macrophages with 50 ng/mL of phorbol myristate acetate (PMA, Sigma, St. Louis, MO). Unless otherwise specified, THP-1 cells were differentiated with PMA for 24 h then cultured in fresh media (no PMA) for an additional 24 h.
IκBα immunoblotting
THP-1 cells were treated with LPS (10 ng/mL), rHSP27 (250 μg/mL, 9.6 μM), or rC1 (150 μg/mL, 9.6 μM). Total protein was harvested after 15, 30, and 60 min, using RIPA lysis buffer. The protein concentrations of cell lysates were quantified using the Bicinchoninic acid assay (BCA). The samples were subject to Western blotting for IκBα (US Biologicals, Swampscott, MA). β-Actin was used as a loading control (Anti-beta Actin antibody, AC-15, ab6276, Abcam, Cambridge, UK).
Immunolabeling for p65
THP-1 cells were treated with either LPS (10 ng/mL), rHSP27 (250 μg/mL), rC1 (150 μg/mL) for 30 min. At this time, the cells were fixed with 4 % paraformaldehyde and stained with NF-κB-p65 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or Hoechst dye (Pierce Biotechnology, Rockford, IL). Photomicrographs were obtained using a fluorescent microscope (Olympus).
NF-κB reporter assay
The human monocytic cell line, THP1-XBlue™, in which cells are stably transfected with an NF-κB-inducible secreted embryonic alkaline phosphatase (SEAP) gene, was purchased from Invivogen (San Diego, CA). The cells were maintained and subcultured in complete RPMI-1640 media supplemented with Zeocin (200 μg/mL) as a selective antibiotic. Cells were subject to treatment for 24 h with rHSP27 (250 μg/mL, 9.6 μM) or rC1 (150 μg /mL, 9.6 μM). Where indicated, the the NF-kB inhibitor BAY 11-7082 (EMD Biosciences, Gibbstown, NJ) was used at the indicated concentration for 1 h prior to treatments. The conditioned media from each treatment was then analyzed for the presence of SEAP using QUANTIBlue™ detection reagent (Invivogen) according to the manufacturer's instructions. Briefly, QUANTI-Blue™ detection reagent was mixed with cell supernatant (10:1) and incubated at 37°C for up to 1 h. Optical absorbance at 655 nm was then measured using the BioTek Synergy Mx microplate reader. Media only controls (no cells) were assayed to ensure that there was no endogenous SEAP activity in the treatment media. The NF-κB activity for the various treatments is represented as the fold change in absorbance compared to the control group.
NF-κB pathway-specific PCR array THP-1 cells were plated at a density of 2×10 6 cells/well in a six-well plate or at 1×10 6 cells/well in a 12-well plate and differentiated with PMA (50 ng/mL) for 2 days. Cells were maintained in RPMI-1640 only (control), rC1 (150 μg/mL), or rHSP27 (250 μg/mL) with or without the addition of polymyxin B (PMB, EMD Chemicals; at 10 μg/mL) for 6 or 24 h. Where indicated, cells were pretreated with BAY 11-7082 (10 μM; EMD Biosciences) for 1 h. RNA was isolated and purified using Trizol (Invitrogen) and RNeasy minikit (Qiagen) with DNase treatment. Purified RNA concentration was measured on a NanoDrop 1000 (Thermo Scientific, Wilmington, DE). RNA integrity was measured on an Agilent 2100 Bioanalyzer RNA nano chip (Agilent Technologies, Santa Clara, CA). Real-time PCR arrays for human NF-κB signaling pathway (RT 2 Profiler PCR arrays by SABiosciences, Qiagen) were used to screen the mRNA expression of 84 genes involved in the NF-κB pathway. cDNA synthesis and real-time PCR arrays were performed according to manufacturer's instructions and ran on a LightCycler 480 instrument (Roche, Indianapolis, IN). Analysis was performed using web-based software and analysis tools provided by SABiosciences using the delta-delta Ct method (Pfaffl 2001) .
qRT-PCR cDNA was synthesized using a transcriptor first strand cDNA synthesis kit (Roche). qRT-PCR was performed using the light cycler 480 SYBR Green I Master kit (Roche). Primers for human GM-CSF and GAPDH were from Invitrogen. Primer sequences were as follows: GM-CSF-5′ ACCATGATGGCCAGCCACTACAA3′ (F) and 5′GGGA TGACAAGCAGAAAGTCCTTCA3′ (R); GAPDH-5′ C C A C T C C T C C A C C T T T G A C 3 ′ ( F ) a n d 5 ′ ACCCTGTTGCTGTAGCCA3′ (R). Analysis was performed using the Pfaffl method (Pfaffl 2001) .
ELISA
Cell culture supernatants were collected from THP-1 cells. IL-10 and GM-CSF were measured using a commercial kit from R&D Systems, Inc. (Minneapolis, MN). Assays were performed according to the manufacturer's instructions.
Gel filtration chromatography
The size of rHSP27 and rC1 was measured on a Gilson FPLC system with a Superose TM 6 10/300 GL column (GE Healthcare). Firstly, the column was balanced by 15 mL 1× PBS with a flow speed of 0.25 mL/min, then 50 μL of purified rHSP27 or rC1 (5 mg/mL) was injected to the column, and proteins were finally eluted with 0.25 mL/min 1× PBS for 100 min. The protein concentrations were determined by absorbance at O.D. 280 nm.
Immunoblot for phosphorylation of rHSP27
The phosphorylation status of rHSP27 was examined by separation on SDS-PAGE, followed by transfer to Nitrocellulose using the iBlot® 7-Minute Blotting System (Invitrogen™). Following the transfer, the membrane was blocked in 1 % bovine serum albumin in 1× PBS with 0.05 % Tween 20 (PBS-T). A 1:1,000 dilution of HSP27 (pS82) antibody (Assay Biotech) or 1:10,000 anti-HSP27 polyclonal antibody (Rabbit anti-HSP27, prepared by Cedarlane) were used as primary antibody and incubated at room temperature for 2 h. The membrane was washed with PBS-T buffer and then incubated with the respective secondary antibody, HRP conjugated anti-Rabbit IgG (dilution of 1/2,000, 111-036-045, Jackson Immunology) at room temperature for 1 h and washed again with PBS-T. The final image was obtained by incubating the membrane in Amersham TM ECL plus Western blotting detection system (GE Healthcare) and imaged by the the FluorChem® Q Imaging System (Cell Biosciences, Santa Clara, CA).
LC-MS/MS
The phosphorylation status of rHSP27 was examined by LC-MS/MS (Health Canada). rHSP27 was identified by LC MS/ MS analysis on the Nano-Acquity ultra-performance liquid chromatography system (UPLC, Waters, Milford, MA) coupled to a 7-tesla hybrid linear ion-trap Fourier transform ion cyclotron resonance mass spectrometer (LTQ-FT ICR, Thermo Fisher, San Jose, CA). Specifically, proteins were separated by SDS-PAGE gels and stained with Coomassie, then reduced with 10 mM dithiothreitol (DTT), alkylated with 55 mM iodoacetamide and digested with 20 ng trypsin in 25 mM ammonium bicarbonate solution at 37°C overnight. The peptides were extracted with 50 % acetonitrile/0.1 % trifluroacetic acid and dried by speedVac concentrator, and reconstituted in 0.2 % formic acid. 2,5-Dihydroxybenoic acid was used as the matrix for MS/MS measurements. Nano LC MS/MS analysis of the peptides was conducted using a reversed-phase Symmetry C18 trapping column (180 μm× 20 mm) and a C18 analytical column of 1.7 μm BEH130 (100 μm×100 mm, UPLC, Waters) through a 90-min gradient from 5 to 40 % of acentonitrile containing 0.1 % FA, then 85 % at a flow rate of 0.5 μl/min. Automated data-dependent acquisition was employed to obtained MS and MS/MS measurements at a mass range of m/z 300-2,000. Dynamic exclusion was enabled for a period of 180 s.
Protein identification was performed using an in-house Mascot Server (version 2.3.0, Matrix Science, London, UK), and the data were searched against the National Center for Biotechnology Information (NCBInr) database for human protein. The parameter settings allowed trypsin digestion for maximum two missed cleavage sites and a fixed peptide modification of cysteine carbamidomethylation. Mass tolerance was set up to 0.1 Da for MS/MS measurement.
MTT assay
Mitochondrial respiration is an indicator of cell viability and can be assessed by the mitochondrial-dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). MTT assays were carried out using MTT solution [Thiazolyl Blue Tetrazolium Bromide (Sigma) dissolved in PBS at a concentration of 5 mg/mL] before being diluted 20-fold in cell culture media and added in equal amounts to cell culture wells. Macrophages were then incubated at 37°C for 4 h. The yellow MTT was metabolized by mitochondria of living cells and resulted in accumulation of membrane impermeable purple formazan crystals. At this point, the media and MTT solution were aspirated followed by solubilization of the crystals with a 7.3:1 mixture of 2-propanol to 0.2 M HCl. The wells were then scraped and mixed thoroughly in order to dissolve the formazan crystals. The absorbance, which is proportional to the number of surviving cells, was then read in a BioTek Synergy Mx microplate reader at 570 nm.
Cytotoxicity (LDH) assay
Lactate dehydrogenase (LDH) release from cells treated with rHSP27 or rC1 was measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). THP-1 macrophages were treated with rHSP27 (9.6 μM) or rC1 (9.6 μM). After 24 h, 50 μL aliquots of the conditioned media from all wells were removed and placed in a new 96-well plate, to which the LDH substrate solution was added. The plate was protected from light and incubated at room temperature for 30 min, after which a stop solution was added to each well and absorbance was read at 490 nm.
Statistical analysis
Statistical analysis was performed using Sigma Stat 3.5 software. ANOVA was performed, followed by the Student Newman Keuls post-hoc test for comparing individual variables where applicable. A p<0.05 was considered significant. All data (n ≥ 3) are expressed as mean ± standard error of the mean (SEM).
Results

rHSP27 induces IκBα degradation in THP-1 macrophages
To focus on the extracellular functions of HSP27, a recombinant form (rHSP27) was produced. In addition to the fulllength protein, an N-terminal truncated mutant, referred to as rC1, was produced as a functionally null control for the recombinant protein production. In studies to examine the recombinant protein characteristics, we found that rHSP27 was unphosphorylated ("Electronic supplementary material" (ESM) Fig. S1 ) and could form large oligomers (1,000-5,000 kD) while rC1 appeared to be around 100 kd (ESM Fig.S2 ). In order to verify that the recombinant proteins are not cytotoxic, we used MTT assays to assess the viability of THP-1 macrophages treated with these proteins, and observed no differences in viability between cells that were treated with LPS, rHSP27, or rC1 (ESM Fig. S3 ). Since many of the downstream experiments we performed, including the NF-κB reporter assay, involved measurement of secreted factors in the conditioned media, it was important to ensure that membrane integrity was preserved in the presence of the various treatments. In order to address this, we used LDH levels as a surrogate marker for membrane integrity. LDH levels from conditioned media collected after treatment with rHSP27 or rC1 were not different from the control group (ESM Fig. S3 ). Hence, these data suggest that neither rHSP27 nor rC1 had measureable cytotoxic effects on THP-1 macrophages.
In order to explore the impact of rHSP27 on modulating NF-κB activity, we initially focused on one of the early steps in the NF-κB activation pathway, IκBα degradation (Baeuerle and Baltimore 1989) . Using total cell lysate from THP-1 macrophages, we monitored the degradation of IκBα by immunoblotting (Fig. 1a) . As expected, there was strong expression of IκBα in the control group. LPS, a potent activator of the NF-κB pathway, and therefore IκBα degradation, was used as a positive control (Muller et al. 1993) . After 15 min of treatment with LPS, IκBα was not detectable by immunoblotting, indicating that it was rapidly degraded. This degradation was maintained up to 30 min and by 60 min, IκBα protein expression appeared to be restored to levels similar to those observed in the control. After 30 min of treatment with rHSP27, IκBα was not detectable by immunoblotting, indicating that rHSP27 modulates the degradation of IκBα. The N-terminal truncation mutant, rC1 did not induce IκBα degradation. In summary, treatment of THP-1 macrophages with rHSP27 leads to the degradation of IκBα, while equimolar concentrations of the functionally null rC1 did not. rHSP27 promotes nuclear translocation of the NF-κB-p65 subunit
In the classical pathway of NF-κB activation, active NF-κB dimers (e.g., p65) will translocate to the nucleus in order to regulate transcription of target genes (ten Hove et al. 1999) . To further understand the regulation of NF-κB by HSP27, we monitored the nuclear translocation of the p65 subunit using fluorescence microscopy (Fig. 1b) . Both the control and rC1 groups demonstrated p65 immunolabeling (green) mainly concentrated in the cytoplasm, showing sparse p65 staining in the nuclei. In contrast, the cells treated with rHSP27 and LPS (as a positive control) show a higher density of p65 immunolabeling in the nuclei.
rHSP27 promotes NF-κB transcriptional activity in macrophages
In order to determine if rHSP27 could activate NF-κB transcriptional activity, we used NF-κB reporter gene assays. A THP-1 cell line stably transfected with an NF-κB inducible SEAP reporter gene (THP1-XBlue™) was used to monitor NF-κB activation. rHSP27 led to a 3.6-fold increase in NF-κB reporter gene activity (p 00.018) compared to cells that were untreated (Fig. 1c) . However, rC1, used at the same molar concentration as rHSP27, did not activate the NF-κB reporter gene. LPS was used as a positive control for the activation of the NF-κB reporter gene activity. To control for the presence of possible residual endotoxin in the recombinant protein samples, PMB was added to the culture media to inhibit the biological activity of endotoxin (Nishibori et al. 2009; Wang and Quinn 2010) . Indeed, PMB reduced the effects of LPS, therefore confirming its efficacy in reducing the effects of endotoxin. As well, since the SEAP reporter construct has promoter regions to which the transcription factor AP-1 can also bind, we used a chemical inhibitor of NF-κB activation, BAY 11-7082, to elucidate the specificity of the NF-κB reporter assay. BAY 11-7082 inhibits the phosphorylation of IκBα by IKKs, thus inhibiting IκBα degradation and NF-κB activation (Lappas et al. 2005 ). In the presence of this inhibitor, rHSP27-induced activation of NF-κB was partially reversed (2.2-fold reduction, p<0.001; Fig. 1d ).
rHSP27 alters macrophage transcriptional profile
Given that rHSP27 treatment lead to an increase in NF-κB transcriptional activity, we next sought to determine the transcriptional targets that are regulated in this context. To do so, we used NF-κB pathway-focused qRT-PCR arrays. The qRT-PCR arrays were designed to profile the expression of 84 key genes that are related to NF-κB-mediated signal transduction. The array included genes that encode cytokines, receptors, membrane molecules, transcription factors, kinases, and inhibitors of NF-κB. In this experiment, Fig. 1 a IκBα degradation in rHSP27-treated macrophages. PMA-differentiated THP-1 cells were treated with either LPS (10 ng/mL), rHSP27 (9.6 μM), or rC1 (9.6 μM) for the times indicated. Equal amounts of whole cell lysates were subject to Western blotting with an antibody directed against IκBα. β-Actin was used as a loading control. b Nuclear translocation of the NF-κB p65 subunit in response to rHSP27. PMA-differentiated THP-1 cells were treated with media alone (control), rC1 (9.6 μM), rHSP27 (9.6 μM), or LPS (10 ng/mL) for 30 min. The cells were then stained with an antibody to p65 (green) and the nuclear stain Hoechst (blue). Scale bar010 μm. c NF-κB activity in rHSP27-treated macrophages. NF-κB reporter assays were performed using THP-1 Blue macrophages. PMA-differentiated cells were treated with LPS (10 ng/mL), Polymyxin B (10 μg/mL), rHSP27 (9.6 μM), or C1 (9.6 μM) for 24 h. Cell supernatants were then analyzed for presence of secreted embryonic alkaline phosphatase (SEAP) as a reporter of NF-κB activation. One-way ANOVA *p<0.05; n03-4. d Reduction of rHSP27-induced NF-κB activity in the presence of BAY 11-7082, an inhibitor of IκBα phosphorylation. Inhibition of NF-κB signaling was achieved by pretreating the cells for 1 h with BAY 11-7082 (10 μM). Oneway ANOVA ***p<0.001; n03 the transcriptional profile of THP-1 macrophages treated with rHSP27 (in media supplemented with PMB) was compared to a control group (media with PMB). The fold change as well as the 95 % confidence interval for the up/down-regulated genes on the array were analyzed and genes with a fold change greater than 5 and a p value less than 0.05 were considered significant. The specific genes and their fold change compared to control are shown on a logarithmic scale (Fig. 2) . As expected, rHSP27 resulted in the alteration of both proand anti-inflammatory genes. For example, two common pro-inflammatory genes, TNF-α and IL-1β, showed increased expression with rHSP27 treatment. In contrast, as described in detail below, two key anti-inflammatory factors, IL-10 and GM-CSF (CSF2), also showed increased gene expression. rHSP27 induces NF-κB-dependent GM-CSF expression and secretion in THP-1 macrophages GM-CSF, encoded by the gene CSF2, showed one of the highest fold increases in response to rHSP27 treatment (5,700-fold increase; p<0.001, n03; Fig. 3a )-an effect not observed when macrophages were treated with rC1. NF-κB inhibition with BAY 11-7082 blocked the effect of rHSP27 on GM-CSF gene expression, suggesting that this effect is in fact NF-κB mediated.
GM-CSF, a secreted cytokine, was assayed by ELISA in the conditioned media of THP-1 macrophages to determine whether the transcriptional upregulation of this gene was reflected at the protein level. LPS was used as a positive control, as it has previously been demonstrated to induce the transcription of the CSF2 gene (Jawan et al. 2008) , while rC1 was used as a negative control as it did not activate NF-κB signaling in our assays. rHSP27 was found to increase GM-CSF secretion by 1,270 fold and pretreatment of macrophages with BAY 11-7082 blocked this effect, suggesting that this effect is in fact NF-κB mediated (Fig. 3b) . Fig. 2 Focused gene expression profiling of PMA differentiated THP-1 cells treated with rHSP27. NF-κB pathway-focused qPCR arrays were used to screen the expression of genes involved in this pathway. THP-1 macrophages were treated with rHSP27 (9.6 μM) supplemented with polymyxin B (PMB, 10 μg/mL). The delta delta Ct method was then used to calculate the fold change of genes that are up/down-regulated in rHSP27-treated macrophages compared to control. Genes with fold change >5 and a p value<0.05 were considered to be significant and are shown on a logarithmic scale Fig. 3 a GM-CSF mRNA levels rise in rHSP27-treated macrophages. PMA-differentiated THP-1 cells were treated with media (control), rC1 (9.6 μM), or rHSP27 (9.6 μM) ± BAY 11-7082 (10 μM) for 24 h. Inhibition of NF-κB signaling was achieved by pre-treating the cells for 1 h with BAY 11-7082 (10 μM). All treatments were supplemented with Polymyxin B (PMB, 10 μg/mL). One-way ANOVA *p<0.001); n03. b GM-CSF is secreted by THP-1 macrophages in response to rHSP27. PMA-differentiated THP-1 cells were treated with media, LPS (10 ng/mL), rHSP27 (9.6 μM), or rC1 (9.6 μM) ± BAY 11-7082 (10 μM) for 24 h. Inhibition of NF-κB signaling was achieved by pre-treating the cells for 1 h with BAY 11-7082 (10 μM). Polymyxin B (PMB, 10 μg/mL) was used as indicated. One-way ANOVA *p<0.001; n03. c IL-10 is secreted by THP-1 macrophages in response to rHSP27. THP-1 macrophages were treated with media, LPS (10 ng/mL), rHSP27 (9.6 μM), or rC1 (9.6 μM) ± BAY 11-7082 (10 μM) for 24 h. Inhibition of NF-κB signaling was achieved by pre-treating the cells for 1 h with BAY 11-7082 (10 μM). Polymyxin B (PMB, 10 μg/mL) was used as indicated. Oneway ANOVA *p<0.001; n03 rHSP27 induces NF-κB-dependent IL-10 secretion from THP-1 macrophages IL-10 is widely described as an anti-inflammatory cytokine that is secreted from immune cells (Murray 2006) . In addition, the up-regulation of IL-10 by extracellular HSP27 has been previously demonstrated in other models (De et al. 2000; Miller-Graziano et al. 2008; Rayner et al. 2008) . We observed a similar affect on IL-10 gene expression in the qPCR arrays, and thus secreted IL-10 levels were measured in order to confirm that the increase in gene expression was reflected at the protein level. rHSP27 lead to a 6.8-fold increase in secreted IL-10 levels (p<0.001; Fig. 3c ). In line with our previous observations, rC1 did not have an effect on IL-10 levels while NF-κB inhibition by BAY 11-7082 blocked the rHSP27-induced increase in IL-10.
Discussion
HSP27 is protective against the development of atherosclerosis (Rayner et al. 2008 (Rayner et al. , 2009 ). The exact mechanisms by which this protein acts to exert its anti-atherogenic effects remain unknown. In order to develop novel therapies that take advantage of these protective effects, the underlying mechanism(s) of action of HSP27 must be elucidated. Specifically, the objective of this study was to assess the involvement of NF-κB signaling pathway as a mechanism by which HSP27 exerts anti-inflammatory effects in macrophages. The two main findings of this study were that (1) rHSP27 treatment of macrophages leads to activation of the NF-κB transcriptional pathway and (2) macrophages treated with rHSP27 exhibit a differential transcriptional profile, which may account for some of the atheroprotective affects of extracellular HSP27 that were observed in previous studies (Rayner et al 2009) . To elucidate the effects of rHSP27 on the activation of NF-κB in macrophages, we used several different approaches that allowed us to examine steps in the activation pathway-specifically the degradation of IκBα, translocation of the p65 subunit, transcriptional activation of an NF-κB reporter gene, as well as endogenous target genes, are all evidence that treatment of THP-1 macrophages with rHSP27 leads to activation of the NF-κB pathway.
The significance of NF-κB signaling in atherosclerosis and inflammation has been investigated and discussed in many studies (Dabek et al. 2010) . However, despite the amount of research that has been done to better understand this transcriptional pathway, controversies remain with respect to the positive or negative impacts of NF-κB in atherosclerosis. Traditionally, the activation of this pathway is associated with a pro-inflammatory state, as it may lead to the upregulation of pro-inflammatory cytokines such as TNF-α and IL-1β (Ghosh et al. 2010 ).
However, NF-κB is also involved in many protective and survival pathways, as it has been observed to induce anti-inflammatory factors such as IL-10 and Arginase I (Lawrence and Fong 2010) . Based on the current state of research, it appears that a variety of factors can modulate NF-κB activity. Therefore, understanding the context and the stimuli under which the NF-κB pathway is activated is essential for our understanding and development of the therapeutic potential of HSP27 as an anti-atherogenic agent.
The NF-κB pathway-specific qRT-PCR arrays used in this study confirmed that there is a transcriptional outcome of rHSP27-induced activation of the NF-κB pathway in THP-1 macrophages. Overall, many genes were differentially regulated with rHSP27 treatment. This may be in part due to the highly sensitive state of activated macrophages and the role they play in inflammation and response to cytokine signaling. As rHSP27 activated the NF-κB reporter gene, it was expected that genes involved in the activation cascade would be differentially regulated. As a result of rHSP27 treatment, 24 genes were found to be significantly upregulated and 4 were found to be significantly downregulated. The rHSP27-regulated genes have varying functions and can be broadly categorized as either pro-or anti-atherogenic. Although several pro-atherogenic genes were induced by rHSP27 (e.g., IL-1β and TNF-α), there were also important anti-atherogenic factors that were significantly up-regulated. Of note, IL-10 and GM-CSF were induced at both the mRNA and protein level by the rHSP27 treatment of THP-1 macrophages and pre-treatment with BAY 11-7082 blocked this effect, suggesting that this effect is in fact NF-κB mediated. The up-regulation of IL-10 is consistent with previous literature and is supportive of the notion that HSP27 is an antiinflammatory factor (De et al. 2000; Miller-Graziano et al. 2008) . In addition, the up-regulation of IL-10 by rHSP27 is consistent with previous studies demonstrating the protective actions of IL-10 in various models of atherosclerosis (Caligiuri et al. 2003; Han et al. 2010; Mallat et al. 1999; Namiki et al. 2004; Potteaux et al. 2004; Yoshioka et al. 2004) . For example, the deletion of IL-10 in atherosclerosis-prone ApoE −/− mice results in increased lesion size, a more robust inflammatory Th1 response, as well as increased systemic coagulation and vascular thrombosis, thereby suggesting that the abrogation of IL-10 may be detrimental for preventing or halting the development of atherosclerosis (Caligiuri et al. 2003) . Additionally, intramuscular gene transfer of IL-10 cDNA results in elevated IL-10 serum levels as well as reduced expression of Th1-inflammatory cytokines and atherosclerotic plaque area in ApoE −/− mice (Namiki et al. 2004 ).
Finally, in humans, George et al. (2012) found that serum IL-10 levels were lower in patients with clinically overt coronary artery disease (e.g., a previous myocardial infarction) as compared to "stable" patients with disease burden but without clinical events (George et al. 2012) .
GM-CSF is another cytokine that is markedly upregulated by rHSP27. Several studies link GM-CSF to vascular remodeling and atherosclerosis (Ditiatkovski et al. 2006; Haghighat et al. 2007; Plenz et al. 2003; Shaposhnik et al. 2007; Weissen-Plenz et al. 2008) . For example, GM-CSF deficiency in ApoE −/− mice worsens atherosclerotic lesion size and increases inflammatory cytokine expression (Ditiatkovski et al. 2006) . GM-CSF deficiency also affects the vascular collagenous matrix and may play a role in maintaining vessel wall integrity (Plenz et al. 2003; Weissen-Plenz et al. 2008) .
As initial studies suggest that serum HSP27 levels are lower in patients with vascular disease, this protein may indeed be a biomarker of atherosclerosis (Martin-Ventura et al. 2004 , 2006 Miller et al. 2005) . Therefore, it is attractive to consider the possible strategy of administering rHSP27 to patients at risk of or laden with CAD. Although data from the current study suggest that rHSP27 treatment of macrophages in vitro leads to upregulation of both pro-and anti-inflammatory genes, we know that elevated extracellular HSP27 in vivo is anti-atherogenic (Rayner et al. 2008 (Rayner et al. , 2009 . Moreover, in preliminary experiments, we show that administration of rHSP27 to ApoE −/− mice attenuates atherogenesis and surrogate markers of plaque inflammation ). Hence, we have summarized the transcriptional effects of rHSP27 in a schematic diagram (Fig. 4) , highlighting the concept that the consequence of rHSP27-mediated NF-κB activation is the net effect of a variety of seemingly competing anti-atherogenic and potentially pro-atherogenic effects. In summary, our data demonstrate the activation of NF-κB signaling in macrophages by rHSP27 results in an altered transcriptional profile. While it remains unclear how HSP27 is able to activate NF-κB signaling, especially at the cell surface, future studies examining this signaling paradigm will provide further insight into the mechanisms of HSP27 atheroprotection and will be helpful in developing novel therapeutic approaches for atherosclerosis. Fig. 4 Schematic diagram representing the transcriptional outcome of HSP27-mediated activation of NF-κB in THP-1 macrophages. Given the previously described anti-atherogenic effects of HSP27, it is speculated that the net effect of these transcriptional regulations is likely tipping the balance towards anti-inflammatory effects and suppression of atherosclerosis
